Owing to the prevalence of tumor-associated macrophages (TAMs) in cancer and their unique influence upon disease progression and malignancy, macrophage-targeted interventions have attracted notable attention in cancer immunotherapy. However, tractable targets to reduce TAM activities remain very few and far between because the signaling mechanisms underpinning protumor macrophage phenotypes are largely unknown. Here, we have investigated the role of the extracellular-regulated protein kinase 5 (ERK5) as a determinant of macrophage polarity. We report that the growth of carcinoma grafts was halted in myeloid ERK5-deficient mice. Coincidentally, targeting ERK5 in macrophages induced a transcriptional switch in favor of proinflammatory mediators. Further molecular analyses demonstrated that activation of the signal transducer and activator of transcription 3 (STAT3) via Tyr705 phosphorylation was impaired in erk5-deleted TAMs. Our study thus suggests that blocking ERK5 constitutes a treatment strategy to reprogram macrophages toward an antitumor state by inhibiting STAT3-induced gene expression.
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ERK5 | MAPK | STAT3 | macrophages | tumors T he inflammatory microenvironment is arguably one of the most influential components of most, if not all, tumors (1) . Central to cancer-related inflammation is a population of macrophages-namely, tumor-associated macrophages (TAMs)-which primarily originate from blood monocytes that are continuously recruited to the tumor site. In early tumors, TAMs display an inflammatory and tumoricidal "M1-like" phenotype. However, as tumors progress, TAMs are functionally reprogrammed by tumorderived signals to exhibit a trophic, angiogenic, and immuneinhibitory "M2-like" phenotype that contributes to further tumor growth and malignancy (2) . Accordingly, the detection of large numbers of TAMs in cancer correlates with poor prognosis, but also with a poor response of the tumor to anticancer agents (3) . Based on these observations, macrophage-targeted interventions have been tested in preclinical models with encouraging results (4) . However, these strategies are limited because very few molecular targets can be exploited therapeutically to discriminate between different macrophage populations and specifically ablate the presence of TAMs in tumors. In particular, whereas a number of transcription factors have been implicated in the rearrangement of the transcriptional profile that sustains protumor TAM activities, the signaling mechanisms that govern macrophage reprogramming to aid disease progression are poorly understood.
Recently, the extracellular-regulated protein kinase 5 (ERK5) has emerged as a critical component of prooncogenic signaling (5) . ERK5 belongs to the family of mitogen-activated protein kinases (MAPKs) that play key roles in transducing extracellular cues into a wide variety of cellular responses, including changes in gene expression (6) . The catalytic core of ERK5 situated in the N-terminal half of the protein is most similar to that of the classical MAPKs ERK1/2. Despite this homology, ERK5 displays several distinct structural and functional properties that set it apart from ERK1/2 and the other members of the MAPK family. In particular, its unique extended C terminus comprises two prolinerich sequences, a bipartite nuclear localization sequence, and a transcriptional activation domain (6) . These features clearly indicate unique mechanisms of downstream regulation of targets. The importance of ERK5 in signal transduction was further supported by genetic evidence that the pathway exerts nonredundant functions in vivo (7) . Notably, consistent with its requirement for the maintenance of vascular integrity during development, ERK5 was implicated in the neovascularization of melanoma and carcinoma grafts by supporting endothelial cell survival (8, 9) . Moreover, we have shown that suppressing inflammation by inducing Significance Macrophages can be functionally reprogrammed by the tumor microenvironment to further tumor growth and malignancy. In this study, we have discovered that this pathological process is dependent on the ERK5 MAPK. Accordingly, we demonstrated that inactivation of ERK5 in macrophages blocked the phosphorylation of STAT3, a transcription factor crucial for determining macrophage polarity, and impaired the growth of melanoma and carcinoma grafts. These results raise the possibility that targeting protumor macrophages via anti-ERK5 therapy constitutes a very attractive strategy for cancer treatment. This is important given that the detection of large numbers of macrophages in human tumors often correlates with poor prognosis, but also with a poor response of the tumor to anticancer agents.
erk5 deletion in neoplastic keratinocytes reduced tumor burden, and this effect was potentiated by the concurrent administration of subtherapeutic doses of the chemotherapeutic agent doxorubicin (10) . This study is a demonstration that ERK5 in epithelial cells can remodel the inflammatory microenvironment to support cancer development.
In parallel, other groups have shown that ERK5 can contribute to immune cell fate. For example, ERK5 signaling mediates the mitogenic response of macrophages to colony-stimulating factor 1 (CSF1) stimulation (11) . Interestingly, CSF1-induced malignant progression of murine mammary cancer was associated with enhanced infiltration of macrophages into primary mammary tumors (12) . Moreover, ERK5 has been implicated in the production of proinflammatory mediators in endothelial cells and monocytes (13) . The differentiation of monocytes to functioning macrophages was found to be dependent on ERK5, but not ERK1/2, signaling (14) . The recent analysis of the LysMCre;erk5
F/F mouse model further showed that erk5-deleted bone marrow-derived macrophages (BMDMs) displayed low-level expression of M2-related genes, but increased expression of M1-related genes at steady state, indicative of macrophage ERK5 favoring polarization toward an M2 phenotype (15) . Based on these findings, we investigated the possibility that ERK5 might also fuel cancer progression by enabling TAMs to acquire tumorigenic properties.
Results
Inactivation of ERK5 in the Myeloid Lineage Prevents Tumor Growth.
We used CD163 as a selective biomarker to detect macrophages exhibiting a tumor-promoting and immunosuppressive phenotype (16) in formalin-fixed paraffin-embedded human tissue blocks retrieved from the tissue bank of the Department of Pathology (Azienda Socio Sanitaria Territoriale degli Spedali Civili di Brescia, Brescia, Italy). These included transitional bladder cancer (1 case), lung adenocarcinoma (2 cases), breast carcinoma (4 cases), skin squamous cell carcinoma (SCC; 12 cases), and normal skin (4 cases). We found a significant association between CD163 (blue) and ERK5 (brown) expression in human cancer ( Fig. 1 A-F and H) . Quantification of the immunostaining confirmed an increased number of CD163 + macrophages exhibiting nuclear ERK5 in SCC compared with normal skin tissue ( Fig. 1 G-I Fig. 2 B and C) . Postmortem studies confirmed that macrophage ERK5 deficiency caused a significant decrease in tumor weight ( Fig. 2 B and C) . To further characterize the tumor growth defect associated with myeloid erk5 deletion, excised carcinoma grafts were processed by immunofluorescence staining (Fig. 2D) . Antibodies to the endothelial cell-specific marker CD34 and to Iba1, a commonly used cell surface marker to label total TAMs (21, 22) , were utilized to visualize angiogenesis and tumor macrophage infiltration. The results showed that tumor vasculature and TAM density were both reduced by ∼50% in tumors derived from LysMCre +/− ;erk5 F/F mice compared with controls ( Fig. 2D) . Collectively, these observations strongly suggested a link between ERK5 and macrophages to support tumor growth.
Protumor Macrophage Polarization Is Dependent on ERK5. Next, the impact of myeloid ERK5 deficiency on the accumulation of immune cells in tumors was analyzed by using isolated cells from tumor grafts that were gated for live cell analysis (Fig. S1A) (23, 24) . Consistent with Iba1 staining (Fig. 2D ), carcinoma and melanoma grafts extracted from LysMCre +/− ;erk5 F/F mice exhibited a significantly lower number of macrophages compared with tumors from control animals ( Fig. 3 A and B and Fig.  S1D ). In contrast, no marked difference was detected in the number of granulocytes and monocytes between the two genotypes ( Fig. 3B and Fig. S1D ). Further analysis of the sorted F4/80 + macrophage population demonstrated that the absence of ERK5 did not affect the proportion of CD11b + TAMs in carcinoma ( Fig. 3 C and D) . We subsequently utilized CD206 to distinguish tumor-supportive M2-like macrophages (25) . The data showed that 40% of Gr1
+ macrophages in carcinoma derived from erk5 F/F mice were positive for CD206 staining (Fig. 3C ), while only 13% were identified as TAMs on the M2 spectrum in tumor grafts from LysMCre +/− ;erk5 F/F mice (Fig. 3D ). Tumorpromoting macrophages contribute to cancer development and progression by producing growth factors and immunosuppressive mediators which stimulate tumor cell proliferation and angiogenesis, while dampening the immune response to the tumor (2, 3) . Therefore, to determine whether the polarization defect caused by ERK5 deficiency correlated with changes in transcription, we measured the mRNA expression level of various M2 markers in F4/80 + cells purified by magnetic-assisted cell sorting. We found that macrophages isolated from carcinoma grafts derived from LysMCre +/− ;erk5 F/F mice exhibited a notable downregulation of arginase-1 (Arg-1), Fos-related antigen 1 (Fra1), transforming growth factor β (Tgfβ), Il-10, and vascular endothelial growth factor-a (Vegf-a) mRNAs (Fig. 3E) . Interestingly, this correlated with a significant up-regulation of certain M1 markers-e.g., inducible nitric oxide synthase (iNos), monocyte chemoattractant protein-1 (Mcp-1), and Il-12β (Fig. 3E )-indicating that ERK5 not only controlled TAM density, but also maintained the M2 subtype of TAMs in tumors.
To provide direct evidence of the protumoral role of macrophage ERK5, we switched to an in vitro system that allowed and LysMCre +/− ;erk5 F/F animals. Total ERK1/2 expression was used as a loading control. (B and C) The 4434 melanoma (B) or LL/2 carcinoma (C) cells were s.c. implanted into the back of erk5 F/F mice that did or did not carry the LysMCre transgene. The growth of tumor grafts was monitored over time after initial cell injection. The data correspond to the mean of tumor volume ± SD (n = 5 mice in each group). Representative pictures of tumor grafts and the mean of tumor weight ± SD excised from erk5 F/F and LysMCre +/− ;erk5 F/F mice killed at the end of the experiment are shown. (D) Sections of carcinoma grafts were analyzed by immunofluorescence using specific antibodies to CD34 (Left) and the pan macrophage marker Iba1 (Right). The immune complexes were detected with a secondary antibody conjugated to Cy3 (red). DNA was stained with DAPI (blue). (Scale bars, 50 μm.) The immunofluorescent signal corresponding to CD34 or Iba1 was quantitated with ImageJ. The data correspond to the mean ± SD (n = 3 tumors). *P < 0.05 (compares tumor grafts from erk5 F/F and LysMCre
characterization of cell-autonomous effects. Bone marrow cells were isolated from femurs of CMV-Cre ER ;erk5 F/F mice. Ablation of ERK5 was induced by incubating the cells with 4-hydroxytamoxifen (4-HT) (Fig. S2A ). This did not prevent the maturation of bone marrow cells in vitro (Fig. S2B ). We used IL-6 and leukemia inhibitory factor (LIF), or tumor cell-conditioned medium, to polarize F4/80
+ macrophages toward a trophic, angiogenic, and immune-inhibitory M2d-like or TAM phenotype, respectively (26, 27) . Inflammatory and tumoricidal M1 macrophages were obtained by activation with IFN-γ in combination with lipopolysaccharide (LPS) (23) . Nonpolarized macrophages growing in complete medium were used as controls. The phenotypes were confirmed by flow-cytometry staining of surface (F4/80 and CD86) and intracellular (CD206) markers (Fig. S3) . Interestingly, the intensity of F4/80 staining was slightly higher in activated erk5 Δ/Δ compared with erk5 F/F macrophages. This was consistent with our previous observation suggesting that the loss of erk5 notably advanced macrophage differentiation in vitro (Fig.  S2B) . Additionally, ERK5 deficiency caused a reduction in the number of CD206 + macrophages (Fig. S3) , confirming a role of ERK5 in protumor macrophage activation.
To distinguish specific features of macrophages activated by IL-6 and LIF, and of TAMs generated upon exposure to melanomaconditioned medium, we analyzed the level of expression of M2 markers by quantitative real-time PCR. We confirmed that IL-6 and LIF-induced macrophages exhibited M2d-like characteristics, as demonstrated by elevated expression of CC chemokine ligand 5 (Ccl5), chemokine (C-X-C motif) ligand 10 (Cxcl10), matrix metalloproteinase 9 (Mmp9), and indoleamine 2,3-dioxygenase (Ido-1) mRNAs compared with M2a macrophages induced by IL-4 ( Fig. 4A and Fig. S4 ). No significant induction of Cxcl16 in M2d polarized macrophages was observed (Fig. S4) . Typical of M2 polarization, M2d macrophages and TAMs expressed high levels of Fizz-1and Ym-2 (Fig. S4) . Compared with M2d macrophages, TAMs expressed more immunosuppressive (e.g., Tgfβ, Il-10, and Arg-1) and trophic (e.g., Vegf-a and Mmp9) factors (Fig.  4A and Fig. S4 ), but similar amounts of Ido-1 (Fig. S4) . Likewise, TAMs generated upon exposure to carcinoma-conditioned medium exhibited high levels of Arg-1, Tgfβ, Il-10, and Vegf-a (Fig. S5A) . Accordingly, melanoma-induced TAMs produced more TGFβ, IL-10, and VEGF than M2d macrophages (Fig. 4B) . Consistent with our in vivo data (Fig. 3E) TAMs failed to fully up-regulate these hallmark markers of protumor macrophage activities ( Fig. 4A and Figs. S4 and S5A). Notably, the secretion of TGFβ, IL-10, and VEGF by polarized macrophages was significantly impaired in the absence of ERK5 (Fig. 4B) . In contrast, erk5 Δ/Δ TAMs exhibited increased expression of proinflammatory M1 factors (iNos, Mcp1, and Il-12β) (Fig.  4C and Fig. S5B ). These data supported the idea that ERK5 acted as a switch to turn on protumor macrophage properties, while shutting down antitumor immunity.
Activated macrophage supernatants were subsequently collected and added onto melanoma or carcinoma cells plated at very low density (Fig. S2C) . As expected, supernatants from M2d-like macrophages or TAMs stimulated the proliferation of cancer cells (Fig. 5A and Fig. S5C ). This was significantly impaired in response to supernatants from similarly polarized erk5 Δ/Δ macrophages ( Fig. 5A and Fig. S5C ). Moreover, erk5
Δ/Δ macrophages exposed to IL-6 and LIF, or to melanoma cellconditioned medium, exhibited a reduced ability to protect 4434 cells against vemurafenib (PLX4032) treatment compared with erk5 F/F macrophages activated under the same conditions ( Fig. 5 B and C) . Likewise, pharmacological inhibition of ERK5 using the novel JWG-045 compound (28) impaired the ability of human TAMs to support melanoma cell proliferation and to protect melanoma cells against PLX4032 toxicity (Fig.  S6) , thereby demonstrating the therapeutic implication of our findings. In contrast, supernatants from nonpolarized or M1 macrophages displayed no trophic activity toward murine or human tumor cells (Fig. 5A and Figs. S5C and S6A ) and provided no protection to murine 4434 melanoma cells against PLX4032 (Fig. 5 B and C) . We observed a slight protective effect of nonpolarized macrophage supernatant in human A375 cells incubated with PLX4032, but this was independent of ERK5 ( Fig. S6 B and C) . Collectively, these data demonstrated the requirement of ERK5 for macrophages to acquire tumorpromoting activities in response to tumor-derived signals.
STAT3 Activation Is Impaired in ERK5-Deficient Macrophages. Central to macrophage activation and immune receptor signaling pathways are the transcription factors of the signal transducer and activator of transcription (STAT) family. In particular, STAT3 is activated upon phosphorylation at Tyr705 by protein kinases of the JAK family, enabling nuclear translocation and induction of genes associated with protumor macrophage phenotypes, while suppressing proinflammatory markers (29, 30) . Consistently, STAT3 was tyrosine-phosphorylated and accumulated in the nuclei of macrophages stimulated with IL-6 and LIF ( and B). Remarkably, this was prevented in the absence of ERK5 (Fig. 6 A and B and Fig. S7 A and B) . In contrast, erk5 F/F and erk5 Δ/Δ macrophages displayed similar levels of STAT3 phosphorylation at Ser727 and ERK1/2 phosphorylation at the ThrGlu-Tyr (TEY) motif, suggesting that the loss of ERK5 expression did not cause a general defect in IL-6 signaling (Fig. 6A) . We confirmed by flow cytometry that erk5 F/F and erk5 Δ/Δ macrophages exhibited a comparable level of expression of the common gp130 subunit, a transmembrane protein that interacts with the IL-6 receptor for signal transduction (Fig. S7C) . As expected, we found no evidence that IL-4 activated STAT3 in macrophages (Fig. 6A) . Nonetheless, like IL-6 and LIF, IL-4 induced STAT3 phosphorylation at Ser727 and phosphorylation of ERK1/2 independently of ERK5 (Fig. 6A) .
Increased STAT3 phosphorylation in macrophages exposed to LL/2-conditioned medium was also impaired by genetic inactivation of the erk5 allele (Fig. 6C) or pharmacological inhibition of ERK5 activity (Fig. S8A) . Additionally, ERK5 deficiency prevented JAK2 phosphorylation at Tyr1007/1008 (Fig.  6C ). Therefore, we tested the possibility that ERK5 controlled STAT3 phosphorylation by blocking the expression of negative regulators of the JAK/STAT pathway. These include suppressors of cytokine signaling (SOCS), a family of cytokine-inducible proteins which have been implicated in shaping M1/M2 macrophage polarization via negative-feedback loops (31) . For example, SOCS3 suppressed IL6R-mediated STAT3 activation (31) . Moreover, reduced expression of SOCS3 in macrophages correlated with the induction of M2-type phenotypes (32, 33) . Here, we observed a slight increase in SOSC3 protein expression in macrophages stimulated with IL-6 and LIF (Fig. S8B) . This was clearly enhanced upon pharmacological inhibition of ERK5 (Fig. S8B) . Consistently, LL/2-stimulated erk5 Δ/Δ macrophages exhibited an elevated level of Socs3 transcript (Fig. S8C) . In parallel, we examined the expression of the Krüppel-like factor 4 (KLF4), a known downstream target of ERK5 (34) which cooperates with STAT6 to up-regulate M2 genes, in particular Arg-1 and Fizz-1, while inhibiting M1 genes such as iNos, in response to IL-4 stimulation (35) . We found no evidence that klf4 was involved in mediating the response of macrophages to tumor-derived signals (Fig. S8C) . The role of ERK5 in controlling STAT3-mediated transcription was further demonstrated by luciferase reporter assay in HeLa cells exhibiting inducible expression of full-length (FL) ERK5 (Fig. S8D) . The catalytic activity of ERK5 was required to mediate this effect, given that enhanced transcription by STAT3 in EGF-stimulated cells was blocked by pretreatment with XMD8-92 at a concentration reported to inhibit ERK5 with limited off target effect on BRD4 (Fig. S8D and ref. 28) . Interestingly, ectopic expression of a C-terminal truncated mutant of ERK5 (ERK5-ΔC) failed to enhance STAT3 activity to the same level as observed with ERK5-FL (Fig. S8D) , indicative of the involvement of the C-terminal region of ERK5 in mediating STAT3-increased transcription.
ERK5-Dependent Regulation of STAT3 Underpins Protumor Macrophage
Activation. Our previous findings convincingly demonstrated a genetic link between ERK5 and STAT3 signaling in macrophages. To test whether ERK5 activation promoted M2 subtype polarization via STAT3, we generated macrophages carrying a transgene encoding a constitutive active (ca) mutant MEK5 fused with green fluorescent protein (GFP) (36) . Importantly, a PGK-Neo-STOP cassette flanked with LoxP sites was placed in front of the caMEK5-GFP CDNA to enable caMEK5 expression in a temporally controlled manner. Induced caMEK5 expression in CMVCre ER ;caMEK5 F/F macrophages incubated with 4-HT caused ERK5 hyperphosphorylation and increased STAT3 phosphorylation at Tyr705 (Fig. 6D) . This primed macrophage polarization toward the M2 subtype, as evidenced by elevated secretion of M2 markers following exposure to LL/2-conditioned medium (Fig.  6D ). This effect was abolished following pharmacological inhibition of MEK5 by BIX02189 (Fig. 6D) . A similar observation was made in ERK5-deficient macrophages coinfected with adenoviruses encoding Flag-tagged wild-type (WT) ERK5 and HAtagged caMEK5 (Fig. S9) . In contrast, HA-caMEK5 failed to phosphorylate STAT3 and to increase the level of M2 transcripts in macrophages expressing a dominant negative mutant form of ERK5 (F-ERK5-AEF) (Fig. S9 B and C) .
To confirm the importance of STAT3 to activate M2d macrophage and TAM polarization, we tested the requirement of STAT3 in controlling M2 marker expression. STAT3 activity was inhibited by preincubating the cells with S3I-201 (Fig. S10A) . We found that S3I-201 significantly impaired increased expression of Arg-1, Tgfβ, and Il-10 transcripts in response to IL-6 and LIF stimulation, or following exposure of macrophages to LL/2-conditioned medium Similar results were obtained in two independent experiments. Alternatively, the cells were incubated with BIX02189 (1 μM; BIX), as indicated, for 2 h before being exposed to LL/2-conditioned medium (LL/2). Nonpolarized (NP) macrophages were used as controls. After 36 h, macrophages were rinsed with PBS and cultured in DMEM supplemented with 5% FBS for a further 24 h. The amount of TGFβ, IL-10, and VEGF secreted in supernatants was quantified by ELISA. The data represent the mean ± SD of two independent experiments. *P < 0.01 (compares differences between treatments).
( Fig. 7A) . We also analyzed STAT3 activation in tumorinfiltrated macrophages. We used Iba1 to detect TAMs in sections of murine carcinoma grafts. The data showed that the percentage of TAMs (red) exhibiting phospho-Tyr705 STAT3 (green) significantly decreased in tumors excised from LysMCre +/− ;erk5 F/F animals ( Fig. 7B and Fig. S10B ). To evaluate whether this finding was clinically relevant, we analyzed biopsies of human SCC (Fig.  1H) . Consistent with the idea that STAT3 activation is dependent on ERK5, we found a high proportion of CD163 + macrophages coexpressing ERK5 and phospho-Tyr705 STAT3 in human skin tumors (Fig. 7C) .
Discussion
This investigation into the signaling mechanisms by which myeloid cells contribute to tumorigenesis has led us to uncover a role for ERK5 signaling in regulating the functionality of protumor macrophages in cancer. This is substantiated by our demonstration that macrophages rely on ERK5 to produce trophic and immunosuppressive factors. Moreover, ERK5 activation caused by ectopic expression of caMEK5 in macrophages enhanced the secretion of M2 markers after stimulation with IL-6 and LIF or exposure to LL/2-conditioned medium. ERK5-mediated Arg-1 and Vegf-a expression may support tumor growth by providing the substrates for cancer cells and by inducing neovascularization. Accordingly, decreased tumor growth observed in LysMCre;erk5 F/F mice as a consequence of impaired protumor macrophage activation correlated with the lessened ability of Δerk5 macrophages to support tumor cell proliferation and tumor angiogenesis. Additionally, an ERK5-dependent increase in Tgfβ and Il-10 expression may be critical to establish an immune-suppressive microenvironment that dampens effective antitumor T cell responses. For this reason, interesting future directions may include investigating the effect of selective blockade of ERK5 in myeloid lineage cells on tumor infiltration of T cells exhibiting cytotoxic activities. Further analyses of the antitumor immune response in combinatory studies looking at the synergetic effect of targeted inhibition of ERK5 in macrophages with new immune checkpoint inhibitors, such as anti-PDL1 and -CTL4 antibody therapies, would have obvious therapeutic implications (37) . In addition to contributing to tumorigenesis, TAMs play a critical role in tumordrug resistance and disease relapse after therapy (3, 4) . In this study, we have found that TAMs lacking ERK5 exhibited a reduced ability to protect melanoma cells against vemurafenib. Consequently, it may also be possible to enhance the responsiveness of tumors to first-line therapy by inhibiting ERK5 in macrophages. In light of our findings, we believe that these additional studies will establish ERK5 as an important drug target in combination with immune-based therapies and conventional chemotherapy and radiotherapy to achieve long-term control of malignancy and durable remission for cancer patients.
Our discovery that ERK5 signaling was required for STAT3 phosphorylation at Tyr705 further underscored its crucial role in tumor macrophage activation. Indeed, stat3 gene deletion in bone marrow cells caused antitumor immune response and significant growth inhibition of melanoma grafts (38) . Moreover, STAT3 activation in the immune microenvironment was previously associated with TAMs on the M2 spectrum (29, 39) . Accordingly, we found that STAT3 inhibition suppressed increased expression of M2 markers in macrophages stimulated with IL-6 and LIF or with LL/2-conditioned medium. We predict that, in addition to requiring ERK5 catalytic activity, the transactivation domain located in the C-terminal region of ERK5 may be important for the acquisition of M2-like markers downstream of STAT3 (40) . Moreover, we observed that JAK2 activation by phosphorylation was impaired in Δerk5 macrophages. Conversely, SOCS3 expression was increased after genetic inactivation of erk5 or inhibition of ERK5 activity. Interestingly, up-regulation of SOCS3 has been associated with increased expression of the M1 marker, iNos (32) . A key role of SOCS3 in M1 polarization was further supported by evidence that reduced expression of SOCS3 in macrophages correlated with the induction of M2-type phenotypes (33) . Therefore, ERK5-mediated suppression of SOCS3 expression is in line with the priming of TAMs to elicit protumorigenic activities via JAK/ STAT3 signaling. This hypothesis is consistent with the genetic demonstration that hyperactivation of STAT3 in macrophages caused by SOCS3 deficiency produced less inflammation (41) . However, in contrast to expectation, this study showed that myeloid suppression of SOCS3 prevented cancer metastasis through promoting antitumor immunity (41) . This finding highlights the great difficulty in predicting the impact of immune receptor signaling in tumor biology. Hence, further experiments will be required to rigorously establish the importance of SOCS3 in ERK5-induced macrophage activation associated with malignancy.
Overall, our in vitro approach has modeled the effect of STAT3-activating cytokines (i.e., IL-6 and LIF) produced by tumor cells on macrophages. However, many regulated genes induced by STAT3 activate the same cytokine-STAT3 pathway in autocrine and paracrine feed-forward loops going between tumor cells and tumor-interacting immune cells (30, 38) . For example, tumor epithelial expression of STAT3 elicits an antitumor immune response involved in mammary tumor growth and breast cancer metastasis (42) . We have previously demonstrated that ERK5 was required in neoplastic epithelial cells to propagate tumor-associated inflammation through the production of two major neutrophil chemoattractants, namely, CXCL1 and CXCL2, and increased expression of component of the IL-1/ COX-2 pathway (10). Furthermore, our current analysis of human cancer biopsies showed a number of tumor cells exhibiting high ERK5 expression and strong phosphorylation of STAT3 at Tyr705. These findings directly impact the question of whether the cross-talk between ERK5 and STAT3-mediated signal transduction also forms a critical axis in cancer cells to control and shape the local tumor microenvironment. Therefore, the role of ERK5-dependent epithelial STAT3 activation as a mechanism to reduce tumor immunogenicity and evade immune surveillance will deserve further exploration. Colony Formation and Cell Cytotoxicity Assays. Tumor cells were plated in 12-well plates (colony formation assay) or in clear-bottom, black, 96-well plates (cell cytotoxicity assay) and allowed to adhere overnight in DMEM complete medium. The next day, the medium was replaced with control medium containing 2% or 5% FBS or with medium derived from nonpolarized, M1 or M2d polarized macrophages, or from TAMs (1/2 diluted). Where indicated, vemurafenib (PLX4032; 1 μM) was added to the medium. For the colony formation assay, cells were fixed with 4% PFA after 7 d in culture and stained with 0.1% crystal violet. Dried cells were incubated with 10% acetic acid to solubilize the crystal violet. Absorbance was read at 590 nm. For the cell cytotoxicity assay, cells were incubated with CellTox green (catalog no. G8741; Promega) for 15 min in the dark, after 5 d in culture. The number of dead cells was measured by using the fluorimeter Synergy HT (BioTek). Immediately after this first reading, a second reading was taken after incubating the cells for 30 min at 37°C in Triton X-100 to measure total cell number.
Materials and Methods
Immunoblot Analysis. Proteins were extracted in radioimmunoprecipitation assay buffer containing inhibitors of proteases and protein phosphatases. Extracts (30 μg) were resolved by SDS/PAGE and electrophoretically transferred to an Immobilon-P membrane (Millipore, Inc.). The membranes were saturated in 3% nonfat dry milk or 3% BSA (when using phosphospecific antibodies) and probed overnight at 4°C with antibodies from Cell Signaling Technology (1:1,000 dilution, unless indicated otherwise) to pERK1/2 (catalog no. 4370), ERK1/2 (catalog no. 4695), ERK5 (catalog no. 3372), STAT3 (catalog no. 12640), pSTAT3-Y705 (1:2,000; catalog no. 9145), pSTAT3-S727 (catalog no. 9134), pJAK2-Y1007/1008 (catalog no. 3771), JAK2 (catalog no. 3230), GFP (catalog no. 2956), SOCS3 (catalog no. 2923), or tubulin (catalog no. 2125) or with an antibody from Santa Cruz to ERK2 (1:500; catalog no. C-14). Immunocomplexes were detected by enhanced chemiluminescence with IgG coupled to horseradish peroxidase as the secondary antibody (GE Healthcare).
Quantitative Real-Time PCR. Total RNA was isolated from cells by using the RNeasy kit (Qiagen), and cDNA synthesis was carried out, as described (17) . Quantitative real-time PCRs were performed by using the SYBR Green I Core Kit (Eurogentec). Sequences of the forward and reverse primers are indicated in Table S1 . PCR products were detected in the ABI-PRISM 7700 sequence detection systems (Applied Biosystems). Results were analyzed by using the 2 −ΔΔG method. The level of expression of mRNA was normalized to Gapdh and Pgk1 mRNA.
Immunohistochemical Analysis of Human Tissues. Four-micrometer-thick human tissue sections were immunostained with an antibody from Santa Cruz to ERK5 (1:100 dilution; catalog no. sc-1284-R clone C-20). The reaction was revealed by using Novolink Polymer (Leica Microsystems) followed by DAB. Double immunohistochemistry was performed for detection of ERK5 (1:100 dilution; sc-1286) and p-STAT3(Y705) (1:120 dilution; catalog no. 9145 clone D3A7 from Cell Signaling Technology) in human TAMs (1:50 dilution; CD163 antibody clone 10D6 from Thermo Scientific). Briefly, after completing the first immune reaction, the second was visualized by using Mach 4 MR-AP (Biocare Medical), followed by Ferangi Blue (Biocare Medical) as chromogen and slightly counterstained with hematoxylin.
Immunofluorescence Analysis of Murine Tumor Grafts. Freshly isolated murine tumor grafts were fixed and stained with a primary antibody to CD34 (RAM34; dilution 1:50; BD Biosciences) and detected by donkey anti-rat-Cy3 (1:10.000 dilution; Jackson Immuno). Double immunofluorescence was performed for detecting pSTAT3(Y705) in TAMs. Briefly, tumor sections were stained with the pSTAT3(Y705) antibody described above overnight and detected with a secondary biotinylated anti-rabbit (1:500 dilution; Vector Laboratories) and Fluorescein Avidin D (1:200 dilution; Vector Laboratories). To detect macrophages, tumor sections were stained with anti-Iba1 (1:200 dilution; Abcam catalog no. ab5076) for 1 h followed by a secondary biotinylated anti-goat (1:500 dilution; Vector Laboratories) and Texas Red Avidin D (1:200 dilution; Vector Laboratories). Sections were mounted with ProLong Gold antifade with DAPI (Molecular Probes). Fluorescence images were captured by using a Leica DM5000 B microscope. Image analysis was performed by using ImageJ software.
Data Availability. All data supporting the findings of this study are available within the main text and Supporting Information or from the corresponding authors on reasonable request.
